The advent of Next Generation Sequencing (NGS) has vastly increased our ability to discover novel viruses and to systematically define the spectrum of viruses present in a given specimen. Such studies have led to the discovery of novel viral pathogens as well as broader associations of the virome with diverse diseases including inflammatory bowel disease, severe acute malnutrition and HIV/AIDS. Critical to the success of these efforts are robust bioinformatic pipelines for rapid classification of microbial sequences. Existing computational tools are typically focused on either eukaryotic virus discovery or virome composition analysis but not both. Here we present VirusSeeker, a BLAST-based NGS data analysis pipeline designed for both purposes. VirusSeeker has been successfully applied in several previously published virome studies. Here we demonstrate the functionality of VirusSeeker in both novel virus discovery and virome composition analysis.
Introduction
The role of the bacterial microbiome in health and disease is increasingly recognized [1, 2, 3] . However, the impact of the viral component of the microbiome (i.e., the virome, inclusive of viruses that infect eukaryotic cells; bacteriophages that infect bacteria; viruses that infect archaea; and virus-derived genetic elements in host chromosomes) has been less well studied. Classically, viruses are thought to cause disease in a conventional "one virus, one disease" paradigm. However, they are also part of normal human microbial floral [4, 5, 6] , and they have been found to modulate host immune response to other pathogens like influenza virus and Listeria [7, 8] . Furthermore, recent studies have identified alterations of the virome that are linked to diseases such as inflammatory bowel disease (IBD) and acquired immunodeficiency syndrome (AIDS) [9, 10, 11, 12] . Thus there are compelling rationales to identify novel viruses that may be traditional pathogens as well as to define broader associations of the virome with health and disease.
Next Generation Sequencing (NGS) platforms have been widely accepted as highthroughput, unbiased technologies that have many attractive features compared to conventional diagnostic methods for virus detection [13, 14] , and NGS-based studies has vastly increased our understanding of viral diversity [6, 15] . A critical step in the use of NGS for virus discovery or virome composition analysis is the bioinformatic tools required to efficiently identify viral sequences within a complex mixture of host, bacterial and fungal sequences which may themselves include sequences that are virus-derived or virus-like. Studies of the virome have lagged behind analyses of the bacterial microbiome due primarily to the lack of a single, universally shared and phylogenetically informative gene similar to the 16S ribosomal RNA genes shared by bacteria. Therefore detection of viral sequences relies upon alignment of sequences to reference viral sequences in databases. Unfortunately, viruses are the fastest-mutating genetic elements on Earth [11] and limitations in the reference viral databases result in the inability to annotate the great majority of sequences present in purified 'virus' samples [6, 14] . It is notable that sampling of the environmental virome is far more extensive than characterization of the virome in mammals [14, 16, 17] . Another significant challenge is posed by the sheer volume of sequence data, both in terms of the newly generated data to be analyzed and the reference databases. The National Center for Biotechnology Informatics (NCBI) nucleotide (NT) database grew from 81 GB to 122 GB from October 2014 to August 2016 whereas the nonredundant protein (NR) database nearly doubled during this period (from 22 GB to 40 GB) .
Computational pipelines designed to analyze high-throughput sequencing data to search for microbial sequences can generally be divided into two categories. Some are designed for virome composition analysis, which entails defining both the relative abundance and types of viruses present in a given sample. These include the "virus-oriented" tools (Viral Informatics Resource for Metagenome Exploration (VIROME) [18] , the Viral MetaGenome Annotation Pipeline (VMGAP) [19] , and MetaVir [20, 21] ) and "generalist" pipelines (BLAST [22] , MG-RAST [23] , Naïve Bayesian Classifier (NBC) [24] ). Recently, Tangherlini et al. [25] performed a comprehensive comparison of all the tools available for virome composition analysis and concluded that BLAST (BLASTn, Megablast and tBLASTx) is the most reliable tool in the assignment of viral sequences. Tools in this category focus on describing the viral community and facilitate graphic representation of the data composition. One limitation of all of these is that they do not provide output files that can be used to determine whether novel viruses are present in the sample. Furthermore, both VMGAP and VIROME only analyze predicted open reading frames (ORF) and ignore non-coding sequences of viruses, which for some viral taxa are the most highly conserved regions. This also leads to incorrect quantification of viral abundance.
The other broad category is tools designed for virus discovery, for example, PathSeq, SURPI, MePIC, READSCAN, CaPSID, VirusFinder, SRSA and VirFind [26, 27, 28, 29, 30, 31, 32, 33] . The majorities of the existing tools rely exclusively on nucleotide level sequence alignments and thus are limited to the detection of viruses that share high sequence similarity to known viruses [28, 29, 30, 31, 32] . For highly divergent sequences that do not share nucleotide conservation, the use of amino acid based alignments is critical for identification. However protein-level sequence comparison is computationally much more demanding than nucleotide-based comparisons. Currently PathSeq, SURPI, VirFind and VirusHunter [34] are the only software packages that implement amino acid based analyses for virus discovery. Each of these methods is theoretically capable of detecting novel viruses, but to date, only VirusHunter and VirFind have been used in studies that describe the identification of highly divergent viruses that lack nucleotide similarity to reference sequences.
Here we present VirusSeeker-Virome (VS-Virome), a computational pipeline designed for defining the type and abundance of both known and novel viral sequences in metagenomic datasets. Important features of VS-Virome include the fast identification of candidate viral sequences by alignment of query sequences to curated virus-only nucleotide and protein databases followed by alignment of the candidate eukaryotic viral sequences to the comprehensive NR and NT databases to remove false-positive viral alignments, a problem that is not widely appreciated by the research community. For projects focused on novel virus discovery, wherein long contigs are desirable for downstream virus genome sequence annotation and validation, a variant pipeline, VirusSeeker-Discovery (VS-Discovery), is presented. VS-Discovery implementation also facilitates contig-based virome composition analysis. For example, the assembled contigs can be used as input for Metavir 2 [20] which does not have the assembly component in the tools suite. Beta versions of VS-Virome have been used to define the enteric virome during early infant development [4] , in SIV infected macaques [35] , and in HIV infected patients [36] . We will use one sample from a previous study of the enteric virome of SIV-infected monkeys to demonstrate the functionality of VirusSeeker in both novel virus discovery and virome composition analysis.
brenneri and the mouse lemur Microcebus murinus. Distribution, source code, installation and configuration documents for VS-Virome and VS-Discovery are freely available at (http://pathology.wustl.edu/virusseeker/index.htm).
In order to efficiently detect viruses with high sensitivity, we first align reads to a virus-only nucleotide and protein databases to identify candidate viral sequences. Because virus-only databases are much smaller than NCBI NT and NR databases, sequence comparison are rapid, maximizing speed and efficient use of computational resources. As of August 2016, our curated virus-only nucleotide and protein databases were 1.2GB and 287 MB, respectively, as compared to the 122GB and 40 GB of NCBI NT and NR databases. Aligning to virus-only databases is 50-150 fold faster than aligning to the NT and NR databases.
We subsequently align only these candidate viral sequences to full Genbank NT and NR databases to identify likely false positives among the candidates (i.e. sequences with higher similarity to non-viral reference sequences than to viral sequences). The workflow of the VS-Virome and VS-Discovery pipelines is shown in Figure 1 . The VS-Virome ( Figure 1A ) implementation first preprocess sequences to removes adapter sequences, joins paired end reads if they overlap, performs quality control on sequences and identifies low complexity sequences and host sequences before subjecting all the sequences into the sequential BLAST [22] based viral sequence detection. This implementation focuses on analysis of individual reads and generating quantitative data regarding the abundance of deduplicated reads mapping to a given genome enabling population based analyses of viruses using highconfidence viral sequences. VS-Discovery ( Figure 1B) incorporates a de novo assembly step after stitching of paired reads in order to generate contigs which increases the likelihood of detecting highly divergent viruses. To facilitate the assembly process, VS-Discovery implements a rapid nucleotide alignment to a reference host genome to minimize non-viral sequences prior to assembly. All contigs and unassembled reads are then subjected to the sequential BLAST [22] analysis described in VS-Virome, with the exception that there is no mapping to reference bacteria genomes because this might identify prophage elements within bacterial genomes as 'bacterial' as opposed to 'viral'.
VirusSeeker deals with candidate viral sequences that align to bacteriophage differently than it deals with sequences that align to eukaryotic viruses. Because lysogenic phage can exist as integrated pro-phage in bacterial genomes, subsequent alignment to comprehensive databases could lead to removal of bona fide bacteriophage sequences. Thus, bacteriophage hits are not subjected to additional filtering and are instead extracted into a separate output file. By contrast, candidate eukaryotic viral sequences are filtered against reference bacterial genomes using a stringent nucleotide alignment to remove sequences that have high identity (with parameter -k 15 -L 100,100) to bacterial genomes. Remaining reads are then aligned to the more comprehensive Genbank NT and NR databases to identify reads or contigs that have greater similarity to non-viral sequences than to viral sequences (i.e. increased likelihood of being a false positive). Furthermore, in order to have a high degree of confidence in viral classification, sequences that have significant hits to both viral and any non-viral reference sequence are placed in an "ambiguous" bin. Thus, sequences in the viral bin only have significant alignment to virus sequences. For the SIV sample analyzed here as an example, out of 154,522 total unique reads, 8053 reads were classified as bacteriophage sequences while 2155 were candidate eukaryotic viral sequences. Of the 2155 candidate eukaryotic viral sequences 574 were judged as 'true' viral sequences whereas 66 were classified as ambiguous. The rest were classified as Bacteria, Fungi, Phage, other or unassigned after comparing with the comprehensive NT and NR databases. Therefore the strategy significantly reduces the number of sequences that require large amount of computing resources to be analyzed and therefore reducing the computing cost.
For each sample VS-Virome and VS-Discovery generates a single file (Supplemental File 1 and 2 for VS-Virome and VS-Discovery respectively) summarizing the quantitative parameters of the sample including total number of raw reads, and the number of reads after quality control, deduplication, masking of low complexity sequences and filtering to remove host sequences. All of the eukaryotic viruses identified in the sample are summarized with the corresponding full NCBI taxonomy lineage information, total number of reads detected and the range of sequence similarity (in %) to the most closely related viruses. Eukaryotic viruses are ranked by increasing sequence similarity to the most closely related viruses. This output format enables rapid visual inspection of all the viruses detected in a sample and easy identification of the most highly divergent viruses which are usually of the highest interest in eukaryotic virus discovery. Similar outputs for bacteriophage are generated in a separate output file.
In cases where multiple samples have been indexed and then pooled for sequencing, a summary report file with the above information for all the samples in the cohort can be generated with scripts included in the package. For virome composition analysis, a tabdelimited table summarizing viral abundance information at different taxonomy levels for all the eukaryotic viruses or phages detected in each sample in the cohort can be generated using scripts included in the package. Viral abundance information can include the absolute number of reads normalized to a given depth or normalized as the percentage of deduplicated, host genome sequence-filtered reads. Scripts to generate the output in the format for LEfSe (Linear discriminant analysis Effect Size) [37] analysis are also included. These tables are suitable for downstream viral ecological analysis and disease association studies such as the fecal virome composition analysis of the SIV infected rhesus macaques [35] (Supplemental File 3) and HIV infected patients [36] .
Discovery of Multiple Highly Divergent Viruses in a Stool Sample from a SIV Infected Rhesus Monkey
VS-Virome was used to analyze a longitudinal cohort to define the impact of vaccination and subsequent SIV challenge on the fecal virome of rhesus macaques [35] . We will focus on one sample in which several novel viruses, including viruses in the families Bunyaviridae, Circoviridae, Picobirnaviridae and Tombusviridae, were detected to demonstrate the functionality of VS-Virome for both virome composition analysis and novel virus identification. The sample of interest was collected from a monkey that received a sham vaccine and became SIV viremic during the course of the study. A total of 1,236,403 paired end reads of 101 bp were obtained and analyzed. From the VS-Virome pipeline a total of 2155 candidate eukaryotic viral sequences were detected and 574 were judged as true eukaryotic viral sequences including several novel viruses in the families Bunyaviridae, Circoviridae, Picobirnaviridae and Tombusviridae (Table 2 ). In order to obtain longer genomic sequences we evaluated the data using the VS-Discovery pipeline. A total of 1244 candidate eukaryotic viral sequences were detected and 130 are considered true eukaryotic viral sequences (contigs or reads) as described above including contigs assigned to the Bunyaviridae, Circoviridae and Picobirnaviridae (Table 2 ).
Most interestingly, three reads that shared only 29.5-31.7% amino acid sequence similarity to Pacui virus, an unclassified Orthobunyavirus in the family Bunyaviridae, were detected by VS-Virome. A single contig of 6912bp that shared highest sequence similarity to the RNA dependent RNA polymerase (RdRP) of Batai virus (105/460, 23% amino acid identity), an Orthobunyavirus in the Bunyaviridae, in the NCBI NR database (downloaded October 21 st , 2014), was detected by VS-Discovery. The contig shared 99-100% sequence identity at the nucleotide level with the three reads initially detected as sequences from the viruses in the Bunyaviridae which suggests that the contig and reads were derived from the same virus.
Alignment with the most up-to-date NCBI NT and NR databases through web BLAST demonstrated that the contig has no significant sequence similarity with any sequence at the nucleotide level and shared sequence similarity with known sequence only at the amino acid level. The most closely related is the RdRP of Botrytis cinerea negative-stranded RNA virus 1, an unclassified ssRNA virus that infects fungi. RT-PCR amplification confirmed the presence of the virus in the original sample. Iterative BLAST queries of the 5′ and 3′ ends of the contig against the sequenced reads resulted in a final contig of 7116 bp. Using standard gene prediction tools, a single open reading frame (ORF) of 2312 aa was predicted. The predicted ORF encodes a RdRP protein with putative start and stop codons. Bunyavirus genomes contain three negative-sense, single-stranded RNA segments, designated as large (L), medium (M), and small (S) segment. While we found clear evidence for an L segment containing the RdRP coding sequence, we were unable to identify putative M or S segments in the sequencing data, presumably because the protein products of the two shorter RNAs (M and S) are generally less conserved [38, 39] . The novel virus is tentatively named Camula virus because it was detected from the stool of a rhesus monkey (Macaca mulatta). To understand the relationship between Camula virus and other members of the Bunyaviridae family, we performed phylogenetic analysis using the RdRP protein sequence of the Camula virus and representative members of the Bunyaviridae family and additional closely related viruses that are formally unclassified. Phylogenetic analysis of the amino acid sequences using the maximum likelihood (Figure 2 ) method demonstrated that Camula virus was highly divergent from but most closely related to the Botrytis cinerea negative-stranded RNA virus 1 and Macrophomina phaseolina negative-stranded RNA virus 1. Both viruses are unclassified ssRNA negative-strand viruses that infect fungi and they both share highest sequence similarity with viruses in the Bunyaviridae. Camula virus and the related viruses could represent a novel genus in the Bunyaviridae family. Further studies will be necessary to classify the virus definitively.
In addition, 32 viral reads that shared 28.9-56.7% amino acid sequence similarity to viruses in the family Picobirnaviridae were detected by VS-Virome suggesting that a novel member of this family was present in the sample. The VS-Discovery pipeline identified two large contigs of 1748 and 2636 bp that shared only 44.9% (over 487 amino acids) and 24.9% (over 328 amino acids) sequence similarity to the most closely related picobirnaviruses. Iterative BLAST analysis further extended the contigs to 1771 and 2683 bp respectively. Both contigs were confirmed by RT-PCR followed by Sanger sequencing of the cloned PCR amplicons. According to a nomenclature proposed in 2009 [40] the virus is named Picobirnavirus GII/PBV/monkey/USA/196-06/2015 (see below) and is referred as PBV 196-06 henceforth. The Picobirnaviruses are small (35-41 nm in diameter), non-enveloped viruses. They have genomes consisting of 2 distinct segments of linear double-stranded RNA (dsRNA) that encode a capsid protein in RNA 1 segment and a RdRp in RNA 2 segment. The full length RNA 1 segment of picobirnaviruses has a size range of 2.2-2.7 kb and the full length RNA 2 segment has a size range of 1.2-1.9 kb [41] . The 2636 bp contig had no significant sequence similarity with any sequence at the nucleotide level and shared sequence similarity with known sequences only at amino acid level. It encodes two ORFs which shared highest sequence similarity to the capsid protein of Dromedary picobirnavirus and a hypothetical protein of the Porcine picobirnavirus. The 1748 bp contig shared highest sequence similarity to the RdRp encoded by the Human picobirnavirus VS6600008 RNA segment 2 (Table 3) Highly divergent viral sequences from the family Circoviridae were also detected by VSVirome (Table 2) , underscoring the unexplored diversity of viruses present in stool. Two contigs of length 538 and 2150 bp were obtained by VS-Discovery. The 2150 bp contig shared highest sequence similarity with Bovine faeces associated circular DNA virus 1 (evalue = 1e-45, 34% (114/339) amino acid identity as of September 2016 by NCBI web BLAST). As is typical with mammalian stool samples, many sequences from known viruses were also detected (e.g. Pepper mild mottle virus, Bell pepper mottle virus, Tobacco mild green mosaic virus in the Virgaviridae, IAS virus of unclassified viruses) [43, 44, 45] . In some instances, long contigs were assembled, such as a 15,762 bp contig of the IAS virus ( Table 2 ). The longest contig obtained was 28,674 bp which shared highest sequence similarity with Lactococcus phage P335 with a complete genome of 33,613 bp.
Stitching Read 1 and Read 2 Increases Sensitivity of Highly Divergent Virus Detection
A single viral sequence assigned to the Tombusviridae was reported by VS-Virome and VSDiscovery. Further investigation demonstrated that read length affected the sensitivity of highly divergent virus detection. In the VirusSeeker implementation, read 1 and read 2 of paired end reads wer first joined together if they overlap. The longer sequence obtained can increase the sensitivity to detect highly divergent viral sequences. The joined read shared highest sequence similarity to the viruses in the Tombusviridae (35/97, 36%, 7.00E-06) (Table 4 ). However neither read 1 nor read 2 alone shared significant sequence similarity with any sequence in the NR database (as of September 2016) as determined by e value cutoff of 1e-3 (Table 4 ). This example illustrates that increasing the length of sequence available for alignment by joining the two paired end reads can increase the sensitivity of detecting highly divergent viruses. In theory assembly of the sequences into contigs as in the VS-Discovery pipeline should further maximize detection sensitivity.
VirusSeeker Significantly Reduced False Positive Viral Sequences
Here we define false positive viral sequences as sequences that shared highest sequence similarity with organisms other than eukaryotic viruses when aligned with the more comprehensive NT and NR databases. From the rhesus monkey stool sample VS-Virome initially identified a total of 2155 candidate eukaryotic viral sequences after alignment to the virus-only database. Subsequent comparison with the comprehensive NCBI NT and NR databases demonstrated that 574 sequences shared sequence similarity with only viral sequences. 59.3% of the sequences shared much higher sequence similarity with other nonviral species (bacteria, fungi etc.). VS-Discovery identified a total of 1244 candidate eukaryotic viral sequences by comparing with virus-only databases and 89.5% of those sequences were determined to be false positives after comparison with the comprehensive NR and NT databases. Based on this sample, 59.3-89.5% of candidate eukaryotic viral sequences obtained by comparison with virus-only databases were likely false positive virus calls as determined by VirusSeeker.
Comparison of VirusSeeker with other tools
To compare the performance with current available tools, we applied VirFind [33] on the joined, quality controlled reads from the VS-Virome pipeline. VirFind reported 66 and 1642 viral sequences in the BLASTn and BLASTx report files respectively. We took the first 20 viral hits in the BLASTx report files and performed BLASTx search using NCBI web BLAST search engine against NCBI NR databases. All 20 sequences share much higher, sometime 100% identity with bacteria sequences (Supplemental File 4) suggesting that they are more likely bacterial sequences than eukaryotic viral sequences. The likely false positive rate in this arbitrarily selected subset of the data was 100%. We also applied VirFind [33] on the assembled contigs from VS-Discovery pipeline. VirFind reported 142 and 2313 candidate viral sequences in the BLASTn and BLASTx report files respectively. Similarly using NCBI web BLAST search engine we determined that only three out of the first 20 reported viral sequences shared sequence similarity with only viral sequences. The other 17 sequences shared much higher, sometimes with 100% identity with bacteria sequences (Supplemental File 5) suggesting that they are more likely bacterial sequences. The likely false positive rate in this case was 85%. Therefore by comparing with the comprehensive NCBI NT and NR databases VirusSeeker significantly reduced false positive viral sequences. This feature enables researchers to focus on true viral signals and to reveal relevant biological phenomena [35, 36] . Zhao 
Virus Sequence Database Curation Reduces False Positives
We have shown that VirusSeeker greatly reduced false positive viral sequences by implementation of a subsequent alignment step to more comprehensive databases. However, there are still multiple additional sources of false positive calls that are significant challenges in the field. One comes from the presence of misannotated sequences in the public databases. It is recognized that significant error in protein function annotation exists in current databases [46, 47] , but the extent of misannotation of sequence taxonomy in large public databases is currently unknown.
We constructed virus-only nucleotide and protein databases by extracting all sequences belonging to the superkingdom "Viruses" from NCBI NT and NR databases according to the NCBI taxonomy database. These sequences were then clustered using CD-HIT with ≥ 98% identity over 98% of the sequence length to minimize redundancy. During the course of our studies with VirusSeeker, we encountered multiple examples of misannotated sequences, which we subsequently removed from our curated virus-only database. There are additional types of annotation challenges in public databases. In some instances, taxonomic data is associated with a reference sequence, but not in readily accessible form. For example, 14 sequences were assigned to "Viruses;environmental samples" (Table 2) based on the NCBI taxonomy. However, one of the reference sequence is the "Uncultured Mediterranean phage uvMED DNA" with the virus information in the input sequence definition line. Thus this results in sequences being assigned to virus but limits our ability to distinguish eukaryotic viruses from bacteriophage. Better annotation of each sequence in the database will improve the accuracy of all type of metagenomic studies that rely on the accurate annotation of the available sequences in the public databases.
Finally, intrinsic sequence continuity and the limitation of available sequences in the current databases limit our ability to accurately classify viral sequences. Viruses can share sequence similarity with other non-viral organisms. For example, DNA polymerases are widely conserved and may not be sufficiently unique for definitive classification. Viruses can integrate into host genomes and hijack host genes for their advantage. This poses significant challenges in determining the origin of sequences especially for sequences at the borderline of significance e value cutoff. For example, three reads that shared amino acid similarity to viruses in the Phycodnaviridae (unclassified Chlorovirus, e-value 3e-05 to 0.001) were detected (Supplemental File 1). All three sequences also shared similarity to sequences of bacteria and bacteriophage although with an e-value just above the e-value cutoff (1e-03). For this reason the sequences were categorized as eukaryotic viral sequences but could actually be of bacteriophage or bacterial origin. As well annotated sequences of new species are added to the databases the resolution of taxonomy assignment will improve.
Possibility of false negatives
Because of the difference in database sizes, the same sequence alignment detected in virusonly nucleotide and protein databases will have a smaller BLAST e-value than that obtained through comparison with NT and NR databases. Therefore some candidate viral sequences identified by alignment to the virus-only databases could have an e-value that does not reach the significance cutoff at the later steps. These sequences are placed in the "Unassigned" bin. Likewise, some true viral sequences could be in the "ambiguous" bin because of our conservative criteria applied, wherein any sequence that hits both virus and non-viral references below the significance threshold is placed in the "ambiguous" bin. It is difficult to place confidence in the taxonomic classification of these sequences solely by sequence alignment. Manual inspection, sequence assembly to obtain longer contigs and further experimentation is likely needed to determine the true identity of those sequences.
Discussion
In the present study we describe VirusSeeker, a tool kit for virus discovery and metagenomic virome composition analysis. Rapid identification of candidate viral sequences by comparing with virus-only databases results in significantly faster data analysis and reduces computing costs by minimizing the number of sequences aligned to large comprehensive databases. A major feature of VirusSeeker is the identification of likely false positive eukaryotic viral hits through the use of sequential BLAST pipelines and use of a curated virus database. The detection of multiple highly divergent RNA and DNA viruses from different families reported here combined with the use of VirusSeeker in several previously published virome studies [4, 35, 36] demonstrates the utility of VirusSeeker.
VirusSeeker bridges virus discovery with virome composition analysis
VirusSeeker fills a critical void of computational tools for the research community by providing a single tool suited for both novel virus discovery and virome composition analysis. BLAST based alignments enable VirusSeeker to provide sensitive and accurate binning of sequences that is output in a logical and easy to read format. Viral abundance tables in different formats enable customized virome composition analysis and disease association studies, as exemplified in several published studies [4, 35, 36] . By providing these features that are not currently available in other publically available software, VirusSeeker facilitates the study of viral communities and novel viruses. It can be used independently or in combination with the currently available tools, for example, MetaVir, which does not have an assembly module, for different virome compositional analysis. By integrating publically available software, VirusSeeker provides a computationally efficient strategy optimized for viral metagenomic studies.
Detection of Bunyaviruses in monkeys
The family Bunyaviridae includes multiple causative agents of haemorrhagic fever such as
Crimean-Congo hemorrhagic fever virus, Ngari virus, and Hantaan virus. Bunyaviruses have been isolated from insects, farm animal and humans but there are limited reports that associate Bunyaviruses with monkeys. Apeu virus infection in wild monkeys from the Brazilian Amazon forest [48] and the isolation of Oropouche virus from a sick monkey collected in a forest in Venezuela [49] have been described. Usually tissues and blood samples are used for diagnosing Bunyavirus infection. It is unclear whether Bunyavirus infection leads to shedding of virus in the feces. A novel Bunyavirus was isolated from the soft tick, Argas vespertilionis, that was collected from feces of bats in Japan [50] . Our detection of Camula virus in the stool raises the possibility of Bunyavirus being shed in the stool. However the possibility that it is a dietary passenger virus or that it infects other organisms in the enteric tract cannot be excluded.
Material and methods

Sample Collection, Preparation and Sequencing
Stool was collected from an adult rhesus macaque (Macaca mulatta) that was a control animal that received sham vaccines in a previous published study [51] . Total RNA plus DNA were extracted from 100-200mg of frozen feces and randomly amplified as described previously [52, 53] . Amplification product was used for NEBNext library construction (New England BioLabs). Libraries were multiplexed on an Illumina MiSeq instrument (Washington University Center for Genome Sciences) using the paired-end 2x250 protocol. The dataset is available at http://pathology.wustl.edu/virusseeker/index.htm.
VirusSeeker-Virome workflow-The VS-Virome pipeline is controlled by a master Perl script VirusSeeker-Virome.pl. The input to the pipeline is a directory path. The directory holds sequencing data from one or multiple samples each with two files containing FASTQ format sequence reads for read1 and read2.
Sequence preprocessing:
The preprocessing of sequence files consists of the following steps: 1.1) trim adapter and/or primer sequences using cutadapt [54] ; 1.2) join read1 and 2 (of paired end reads) together to form a longer read if they overlap by defined criteria using fastq-join in the ea-utils package (https://github.com/ExpressionAnalysis/ea-utils) [55] ; 1.3) quality filtering of reads (trim low quality nucleotides, poly A sequences, remove reads with low average quality score) to obtain good quality sequences using PRINSEQ [56] ; 1.4) Remove redundant sequences. Identical or nearly-identical sequences are frequently present in NGS data, either due to the sheer depth of NGS or because many of the pre-sequencing sample preparation methods involve PCR amplification. To reduce the computing cost of downstream analysis and to reduce amplification artifacts, CD-HIT [57] is used to cluster similar sequences. The default parameters in VS-Virome are set to cluster sequences that share ≥ 95% identity over 95% of the sequence length. The longest sequence from each cluster is retained as the representative sequence and used for downstream analysis. These are the "unique sequences". 1.5) Mask repetitive sequences and sequence quality control. Many eukaryotic genomes contain stretches of highly repetitive DNA sequences which cause problems in BLAST-based similarity searches and result in high rates of false-positive alignments. Tantan [58] and RepeatMasker (http://www.repeatmasker.org) [59] are used to mask interspersed repeats and low complexity DNA sequences. A sequence fails the quality control criteria if it does not contain a stretch of at least 50 consecutive non-"N" nucleotides (i.e., "Filtered sequence") or if greater than 40% of the total length of the sequence is masked (i.e., "low complexity sequence"). These sequences are removed from further analysis. Remaining sequences are "good sequences".1.6) remove host sequences by aligning sequences to reference genome using BWA-MEM [60] and MegaBLAST. Any sequence mapped to "Host" genomic sequence is removed from further analysis. After sequence preprocessing we obtain high quality, unique, non-host sequences.
Identification of candidate viral sequences:
The high quality unique sequences from step 1 were subjected to BLASTn alignment against the virus-only nucleotide database to detect those that share nucleotide sequence similarity to known viruses. Remaining sequences are then aligned using BLASTx against the virus-only protein database to detect viruses sharing protein sequence similarity to known viruses. Sequences that have a significant hit at either step are "candidate viral sequences" which are then classified as bacteriophage and eukaryotic viral sequence based on the taxonomy identity of the best BLAST hit. Sequences classified as "phage" are pooled into a single file and removed from further analysis. Taxonomy information of bacteriophage sequences is output into corresponding files.
False positive removal:
The candidate eukaryotic viral sequences from step 2 are sequentially queried against the NCBI Bacteria reference genomes using BWA-MEM, NT database using MegaBLAST (e-value cutoff 1E-10), BLASTn (e-value cutoff 1E-10), and NCBI NR database using BLASTx (e-value cutoff 1E-3). Sequences with significant hits are classified as eukaryotic virus, phage, or non-viral (if it hits host, mouse, fungal, bacterial or other) based on the taxonomy identity of the best BLAST hit. If a sequence aligns to both a virus and a sequence derived from another organism type (e.g. bacteria or fungi) among the top 50 best hits with an e-value below the cutoff it is classified as "ambiguous". All eukaryotic viral sequences are further classified into viral families based on the taxonomy ID of the best hit. Sequences without any significant hit after BLASTx against NCBI NR database are placed in the "unassigned" category.
Report of the findings:
The final output for each sample is a single file summarizing all the eukaryotic viruses identified in the dataset ranked by increasing sequence similarity to the most closely related viruses. Similar outputs for bacteriophage sequences are also generated.
VirusSeeker-Discovery workflow-The VS-Discovery pipeline is controlled by a master Perl script VirusSeeker-Discovery.pl. The input to the pipeline is the same as that for the VS-Virome.
1.
Sequence preprocessing. The preprocessing of sequence files is similar to VSVirome except with the following minor changes. First, host sequences are filtered prior to the initial deduplication using CD-HIT. Subsequently, a two-step assembly process is implemented. From the CD-HIT processing, the longest read and the top 3 longest reads from each CD-HIT sequence cluster were extracted. Reads were assembled using Newbler v2.8 (454 Life Sciences, Branford, CT). Singleton and outliers from all the first step assemblies were extracted and used as the input for a second step assembly using Newbler. All the contigs from the first step assemblies were extracted and used as the input for a second step assembly using Phrap (http://www.phrap.org). All the contigs, singletons and outliers from the second step assemblies were extracted and CD-HIT was used to further remove redundant sequences. Repeatmasker is applied as described above.
2.
Identification of candidate viral sequences, false positive removal and report of the findings as described above except for the following minor change. Sequences are not queried against the NCBI Bacteria reference genomes to avoid removal of contigs that share similarity with bacteria over only a small region.
Genome Annotation and Phylogenetic Analysis
ORFs were predicted and annotated using Artemis [61] . Multiple sequence alignments were performed with MUSCLE [62] . Phylogenetic analysis was performed using the maximum likelihood method in MEGA7 program [63] with 500 bootstrap replicates. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test is shown next to the branches. Only values greater than 70 are shown.
Viruses Analyzed and Sequence Accession Numbers Used for Analyses
The viruses analyzed included the following genera, species, and strains: Bunyaviridae Bunyamwera Genus: Bunyamwera virus (BUNV, NP_047211. 
Highlights
• A pipeline for both novel virus discovery and virome composition analysis.
• Fast identification of candidate viral sequences by alignment to virus-only databases
• False-positive removal by alignment to the comprehensive NR and NT databases.
• Detection of multiple highly divergent RNA and DNA viruses in different families.
• Successful application of VirusSeeker in several previously published virome studies 
